Objective: Transient ischemic attacks (TIA) predict future stroke. However, there are no sensitive and specific diagnostic criteria for TIA and interobserver agreement regarding the diagnosis is poor. Diffusion-weighted MRI (DWI) demonstrates acute ischemic lesions in approximately 30% of TIA patients; the yield of perfusion-weighted MRI (PWI) is unclear.
Transient ischemic attacks (TIA) are defined as sudden, temporary attacks (Ͻ24 hours) with focal symptoms attributable to dysfunction of one artery of the brain. The risk of stroke after a TIA is up to 10% in the first week following symptom onset. 1 Recent studies demonstrated that a prompt etiologic investigation followed by the initiation of an appropriate prevention strategy can substantially reduce this risk. 2, 3 Hence, confirmation of the diagnosis of TIA is a major challenge since in most cases the clinical deficit has resolved at the time of evaluation and conventional brain imaging does not detect most conditions that masquerade as a TIA. 4 In multimodal MRI, diffusion-weighted imaging (DWI) demonstrates the presence of severe cytotoxic ischemic injury within minutes, which provides an estimate of the ischemic core, 5, 6 and perfusion-weighted imaging (PWI) provides an assessment of cerebral hemodynamics. 7 Since 1999, several studies have confirmed the sensitivity of DWI for the detection of an acute ischemic lesion among cases with suspected TIA. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] These studies were recently compiled in a systematic review. 19 The rate of positive DWI varied from 16 to 67% among suspected TIA cases. Therefore, DWI appears to be a valuable tool to confirm an ischemic etiology in patients with transient neurologic focal symptoms. PWI has the potential to both confirm the ischemic nature of DWI hyperintensities 20 as well as to reveal hypoperfusion in patients without DWI lesions. Therefore, PWI could increase the yield of MRI for the confirmation of TIA diagnosis.
Two studies, one retrospective 21 and one prospective, 22 have investigated the yield of combined DWI and PWI among TIA patients. While they found the same rate of positive PWI (32%), the percentage of cases with positive PWI and negative DWI differed (14% vs 3%). At present, there are inadequate data regarding the yield and clinical relevance of PWI findings in TIA patients. We investigated the yield of combined DWI and PWI among TIA patients scanned by multimodal MRI within 48 hours of symptom onset.
METHODS Study group. This study was a predefined substudy of an NIH-funded prospective clinical evaluation of the diagnostic utility of MRI in consecutive patients presenting with symptoms of cerebrovascular disease from July 16, 2001 , to May 3, 2005 . The purpose of this substudy was to evaluate the yield of the combination of DWI and PWI within 48 hours of symptom onset in suspected TIA patients. Patients who had transient neurologic symptoms (Ͻ24 hours in duration) and had both a DWI and PWI sequence performed at the baseline scan were eligible. The inclusion criteria for this substudy included the following:
• Men and nonpregnant women, at least 18 years of age. • Admission to the Stanford Stroke Service within 48 hours of the onset of stroke-like symptoms. • Complete resolution of symptoms within 24 hours. • Technically adequate PWI and DWI sequences performed during the baseline MRI scan within 48 hours of symptom onset. • Clinical symptoms most likely referable to one of the cerebral hemispheres based on the attending stroke neurologist's initial clinical evaluation (patients with clinical symptoms referable to the posterior fossa were excluded because the perfusion images did not provide complete coverage of the brainstem and cerebellum).
Exclusion criteria were as follows:
• Patients receiving any thrombolytic agent or an investigational drug therapy prior to MRI scanning. • Level of consciousness score of 2 or greater as defined by the NIH Stroke Scale.
• Symptoms likely related to psychoactive drugs. • Psychiatric or substance abuse disorder or dementia that could interfere with evaluation or interpretation of the neurologic assessment. • Informed consent could not be obtained either directly from the patient or from a legally authorized representative. • Severe coexisting or terminal systemic disease that limited life expectancy or that could interfere with the conduct of the study. • Symptoms most likely related to a nonischemic diagnosis such as psychiatric disorder, seizure, or migraine. 23, 24 Arterial input functions from the proximal middle cerebral artery in both hemispheres were identified semiautomatically 25 and used to generate perfusion maps.
Study design. MR imaging protocol and acquisition of clinical
data were approved by the local Institutional Review Board. All patients provided informed consent. Both the baseline DWI and PWI studies were independently assessed by two stroke neurologists (G.W.A. and M.L.) who were blinded to all clinical information (other than the knowledge that all patients had clinical features suggestive of a TIA). Focal regions of hyperintensity on DWI, assessed by the rater to be compatible with brain ischemia, were considered to be lesions with no specific size or intensity criteria required. MTT maps were chosen for all PWI analyses based on preliminary data indicating a greater sensitivity for detecting PWI lesions in TIA patients. The DWI scans were read separately from the PWI scans during different reading sessions and in random order. Readers did not view any other MRI sequences than DWI and PWI MTT scans. The readers were asked to identify if an acute lesion was present on the corresponding sequence and if so, in which hemisphere (or hemispheres) it was located. After both readers completed their assessment of all DWI and PWI scans, each scan where there was any disagreement between the two readers was evaluated in a joint session. Blinded to their original readings, the two readers were asked to come to a consensus regarding the presence or absence of a lesion and hemisphere involvement. Separately, the MRA scans of both the extracranial and intracranial part of the ICA and the middle cerebral artery (MCA), the posterior cerebral artery (PCA), and the anterior cerebral artery (ACA) were assessed by the third stroke neurologist (J.M.O.) who was blinded to all clinical and imaging data, including other MRI sequences. An arterial lesion was defined as 1) an ICA stenosis Ͼ70%-a threshold at which a hemodynamic effect on cerebral flow is likely produced 26 ; 2) decreased flow or occlusion of the M1 or the M2 segment of the MCA, the A1 segment of the ACA, or the P1 segment of the PCA.
The clinically symptomatic hemisphere was determined based on the history obtained by the attending stroke neurologist prior to reviewing the MRI scan results. Clinical characteristics of each patient were prospectively collected on case report forms. The most likely etiology was determined at hospital discharge by a stroke neurologist using the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification. 27 Patients considered at discharge to have a nonischemic etiology were included in the "uncertain/other" category. Any recurrent stroke or TIA within the first 30 days was recorded.
Statistical analysis. We calculated descriptive statistics based on the presence or absence of lesions on DWI or PWI including frequencies and mean values of clinical characteristics. We compared groups to analyze clinical factors possibly associated with the presence of a perfusion abnormality using t test and Mann-Whitney U test for continuous and ordinal variables; 2 and Fisher exact tests for independent proportions. We estimated odds ratios (OR) or risk ratios (RR) of perfusion abnormalities for categorical variables. We assessed inter-rater agreement between the two raters by calculating Cohen kappa. Statistical analysis was performed using SPSS 16.0 (SPSS, Inc., Chicago, IL).
RESULTS
During the study, 108 patients were enrolled with transient neurologic symptoms lasting less than 24 hours that were initially thought to be caused by brain ischemia. Of these, 89 had an MRI scan obtained within 48 hours of symptom onset. Thirty-five of the remaining patients were excluded because the PWI sequence was not performed (n ϭ 30) or was technically inadequate (n ϭ 5). Eleven cases with symptoms attributed to posterior fossa TIA were also excluded. There was no statistical difference between the clinical characteristics of the included and excluded cohorts: age 71 Ϯ 13 vs 70 Ϯ 16 (p ϭ 0.796); symptom duration in both cohorts 1-3 hours (interquartile range Ͻ1 hour to 3-12 hours, p ϭ 0.915); time to MRI 23.2 Ϯ 12.5 vs 26.5 Ϯ 11.8 hours (p ϭ 0.209); proportion of DWI positive cases 35% vs 30% (p ϭ 0.655).
The demographic characteristics of patients included in this study are described in table 1; table 2 summarizes the PWI and DWI findings. Fourteen (33%) patients had a perfusion lesion (95% confidence interval [CI] ϭ 19 -47%), 15 patients (35%) had an acute DWI lesion (95% CI ϭ 21-49%). Seven patients (16%) had an isolated PWI lesion (95% CI ϭ 5-27%), 7 (16%) had both DWI and PWI lesions (95% CI ϭ 5-27%), and 8 (19%) had an isolated DWI lesion (95% CI ϭ 7-30%). Therefore, the total yield for detecting either a DWI or PWI lesion was 51% (95% CI ϭ 36 -66%). Figure  1 illustrates a case with a positive PWI and a negative DWI, while figure 2 shows a case with both positive DWI and PWI. Values are n (%).
The location of the PWI abnormalities corresponded to the expected hemisphere based on clinical symptoms among 12 of the 14 cases (86%) with a positive PWI. Both of the patients in whom the PWI lesion did not correspond with the clinically suspected hemisphere also had an unsuspected DWI lesion in the same location. The DWI lesions corresponded to the expected hemisphere in 14/15 cases (93%). Two patients also had additional unexpected acute DWI lesions in the contralateral hemisphere. The two raters agreed on both the existence and location of a PWI lesion in 35 (PWI lesion present in 10 and absent in 25) out of 43 cases (81%) resulting in moderate inter-rater agreement (kappa ϭ 0.58; 95% CI ϭ 0.31-0.84). For DWI lesions, the raters agreed in 41/43 cases (98%) resulting in a very good strength of agreement (kappa ϭ 0.95; 95% CI ϭ 0.84 -1.0).
Adequate quality MRA scans of both the ICA and intracranial vessels were available in 42 of the 43 included patients in this study (one missing ICA MRA). MRA lesions were detected in 17 (40%) patients. Six were ipsilateral to the symptomatic hemisphere. Among the 14 patients with a PWI lesion, 5 (36%) had an ipsilateral arterial lesion (5 intracranial and 0 extracranial). Among the 15 cases with a DWI lesion, 3 (20%) had an ipsilateral arterial lesion (2 intracranial and 1 extracranial).
We found that an MRI performed before 12 hours after symptom resolution was associated with the occurrence of a PWI lesion (table 1): OR ϭ 5.6 (95% CI ϭ 1.4 -22.6). In addition, PWI lesions were associated with symptoms of speech impairment (OR ϭ 5.6, 95% CI ϭ 1.1-29.6); age Ͻ60 y (OR ϭ 7.5, 95% CI ϭ 1.2-45.6); and TOAST etiologic subtype (p ϭ 0.021). In particular, patients with the large artery atherothrombosis TOAST etiologic subtype were more likely to have PWI lesions compared to other subtypes (RR ϭ 3.9, 95% CI ϭ 2.3-6.7). Finally, we found a trend toward a higher likelihood of PWI lesions in patients with multiple episodes: OR ϭ 3.8 (95% CI ϭ 1.0 -15.2).
Symptom duration more than 12 hours was associated with occurrence of a DWI lesion: OR ϭ 7.3 (95% CI ϭ 1.5-35.0). We also found a trend toward association of DWI lesions with higher ABCD 2
Figure 1
Diffusion-weighted MRI (DWI) and perfusion-weighted MRI (PWI) scans from a 48-year-old man with transient left face weakness, left hemisensory loss, dysarthria, headache, and dizziness Baseline DWI, acquired 11.5 hours from symptom onset, did not reveal a diffusion abnormality (A), while the baseline mean transit time map revealed a perfusion lesion near the posterior limb of the right internal capsule (B). Follow-up DWI 48 hours later revealed a diffusion lesion in the same location as the baseline perfusion lesion (C).
Figure 2 Diffusion-weighted MRI (DWI) and perfusion-weighted MRI (PWI) scans from a 72-year-old woman with transient aphasia, right arm weakness, and right hemisensory loss
Baseline DWI and PWI, acquired 13.5 hours from symptom onset, revealed both a perfusion deficit (A) and diffusion abnormality (B) in the left frontal/parietal region. score 1 (median [IQR] ϭ 6 [5] [6] vs 5 [4 -6] , p ϭ 0.079) and reporting weakness as one of the clinical symptoms (80% vs 54%, p ϭ 0.087). None of the patients had recurrent TIA or stroke at 30 days. DISCUSSION In an unselected series of consecutive patients thought to have suffered a hemispheric TIA, we found that approximately half had objective evidence of brain ischemia on either DWI or PWI. PWI lesions occurred most frequently among patients who were scanned within 12 hours of symptom resolution, had symptoms of speech impairment, and were younger than 60 years of age. Our results suggest that PWI increases the overall yield of MRI for confirming an ischemic etiology for transient neurologic symptoms and that the yield may be even greater than 50% among TIA patients who are scanned urgently.
The overall rate of acute ischemic lesion detection on DWI (35%) and the association with symptom duration found in our study concurred with the result of a recent systematic review. 19 Other factors previously associated with DWI lesions, including speech impairment, atrial fibrillation, and ICA stenosis Ն50%, were not confirmed in our study.
The percentage of TIA patients with PWI lesions (33%) concurred with previous studies. We found that half of the cases with a positive PWI had a negative DWI. This rate is similar to that documented in one previous retrospective study, 21 but differs from a study of patients with speech or motor transient ischemic attacks scanned prospectively with a 3 T MRI that found only a 10% yield. 22 The selection of cases and the use of a 3 T MRI, which was associated with a positive DWI in 46% compared to 35% in our study, may explain this discrepancy. This previous study also found that PWI lesion occurrence was associated with a reduced onset to MRI time. 22 We found that scanning the patients within the 12 hours of symptom resolution significantly increased the occurrence of PWI lesions.
Multiple different PWI sequences and analyses techniques are available to assess cerebral perfusion. 28, 29 Previous studies used Time to Peak 21 and MTT 22 to detect persistent perfusion abnormalities following TIA. We used non-thresholded MTT maps generated by deconvolution of the tissue concentration over time curve using an arterial input function from the middle cerebral artery. Different analysis techniques may produce different results. Future studies should compare various analysis techniques to clarify how PWI acquisition and analysis methods affect the overall yield in TIA patients.
We found that the DWI and PWI lesions were consistently located in the clinically suspected hemisphere or found in conjunction with other MRI findings that confirmed the presence of acute brain ischemia. PWI lesions were often small and the interrater agreement for detecting PWI lesions was not as high as for DWI lesions (kappa 0.58 vs 0.95); however, their correspondence with the suspected hemisphere of the acute symptoms provides reassurance that these lesions are likely to be closely linked with the clinical events. Therefore, we propose that detection of either a DWI or PWI lesion in the setting of symptoms compatible with a TIA provides objective confirmation that brain ischemia is the likely etiology for the patient's acute symptoms as well as evidence for the involved vascular territory or territories.
Several studies have suggested that PWI lesions are most likely to be detected in TIA patients who have significant carotid stenosis or an intracranial occlusion that can be visualized on MRA. 22, 30, 31 However, in our study only a minority of PWI-positive patients had an ipsilateral internal carotid or intracranial lesion on MRA. Therefore, MRA findings do not appear to be an adequate surrogate for PWI in TIA patients. The presence of a PWI lesion in the absence of a MRA lesion in TIA patients is not unexpected. Most of the PWI lesions detected were small and may reflect occlusion of distal intracranial vessels that are not well visualized on MRA. In addition, despite recanalization of intracranial vessels, PWI deficits may persist because of abnormalities of tissue microperfusion (no reflow phenomenon). 32 Nonetheless, we found that all the cases with large artery atherothrombosis (n ϭ 4) had a positive PWI. Among these cases, MRA detected ipsilateral intracranial stenosis in two of them, and a relevant ICA stenosis (Ͼ50%) in the other two. Therefore, among TIA patients with positive PWI scans, MRA appears to have a high yield for detection of potentially relevant lesions.
This exploratory study has several limitations. It has a small sample size and nearly one third of the potentially eligible patients were excluded because they did not undergo both DWI and PWI imaging, typically because of limitations on obtaining research sequences in acute TIA patients that were in place at our institution during the time of this study. Multiple clinical factors were assessed for association with PWI and DWI lesions; however, a larger sample size is required for a multivariable analysis to assess which features are independently associated. The PWI scans were not analyzed in real time, as post-processing was required to generate the PWI maps, so we could not evaluate the influence of PWI information on subsequent clinical management or diagnosis. Software is now available to perform rapid deconvolution algorithms with minimal operator interaction allowing quantitative maps of PWI images to be produced rapidly and easily. New parallel imaging acquisition techniques are now available that may be more accurate and reliable than the PWI techniques used for this study. 33 In this study, follow-up imaging to confirm the presence or absence of a new infarct in the territory of the acute DWI or PWI lesions was not routinely performed. Therefore, the fate of the tissue involved with these early lesions could not be determined. In addition, it was not possible to determine if some of the PWI lesions were chronic.
In the future, both DWI and PWI should be incorporated into larger prospective studies of TIA patients to clarify the independent prognostic value of these techniques as well as their associations with clinical characteristics.
